By means of the I-V characteristics measured at room temperature, the height of the Schottky barrier established by the conductive P t − Ir tip of an Atomic Force Microscope on the aluminum doped ZnO thin films were estimated in the range of 0.58 − 0.64 eV. The ideality factors were in the range of 2.11 − 1.39, respectively. These values are in accordance with those reported by other authors that measured the height of the Pt Schottky barrier on ZnO by means of several methods. The procedure detailed in this work suggests that the scanning time for obtaining I-V Schottky characteristics is of the order of 2 ms.
Introduction
Aluminum doped zinc oxide (AZO) thin films have many important applications, principally as sensing and optoelectronic material [1] . Another interesting application is related to its use as transparent conductor [1, 2] in solar cell technology. AZO films have some advantages such as higher transmittance even at near infrared wavelengths than ITO [1] . Then, the electrical characterization of someone heterojunction formed with AZO films is of great importance. One of this heterojunction is the Shottky barrier formed with a metal contact as for instance the conductive tip of an Atomic Force Microscope scanning on its surface. Few works are related with the AZO heterojunctions [3] and few talk about of the Schottky nano-contact formed with an AFM tip [4] . The leakage current of a Schottky contact strongly depends on the barrier height. A Schottky barrier of a metal-semiconductor interface must be high in order to reduce the leakage current. Then, it is also very important to research the barrier height of the Schottky nano-contact on AZO thin films by means of the C-AFM technique as is made in this work.
On the other hand, it is well known that Atomic Force Microscopy (AFM) is an important tool in the nanotechnology as for example in the investigation of electrical properties by means of Scanning Tunneling Microscopy or the conductive AFM technique [5] [6] [7] . The conductive Atomic Force Microscopy (C-AFM) technique has been widely used to measure the surface electrical current of different materials such as conductors, semiconductors, dielectric or even biological materials [8] [9] [10] [11] [12] [13] [14] . Werner Frammelsberger et al. [8] reported electrical measurements of SiO 2 thin films using C-AFM technique. Kevin D. O'Neil et al. [9] reported electrical conductivity of uranium oxide using C-AFM as well. Jeffrey M. Mativetsky et al. [10] reported molecular junction studies by means of conductive Atomic Force Microscopy. Liam S. C. Pingree et al. [11] reported Electrical Scanning Probe Microscopy on active organic electronic devices. Miłosz Grodzicki et al. [12] reported C-AFM measurements of Shottky barriers on metal-semiconductor heterostructures. N. Muñoz-Aguirre et al. [13] has shown images of the surface of ZnO thin films by means of C-AFM and recently Fanny Hauquier et al. [14] reported electrical properties of graphene sheets. Specially attention is directed to the Schottky barrier conformed by the conductor-semiconductor union [15] [16] [17] [18] [19] [20] [21] since in the C-AFM technique a tip coated by a metal alloy of P t − Ir is principally used. For the first time in 1874 Braun studied such heterostructure, however the first accepted theory was developed by Schottky in 1930 [22] . Recently, S.J. Young et al. [20] applied the Pd/ZnO Schottky barrier as an ultraviolet photodetector and C. Weichsel et al. [21] developed Pd/ZnO Schottky diodes for hydrogen gas sensing. It is important to mention that the Modern Atomic Force Microscopes have relevant advantages since can measure spectroscopic I-V characteristics at different points of the sample surface [13] . In relation to the last mentioned reports, few authors detail the procedure in order to obtain their electrical characterizations by means of C-AFM. Therefore in this work, a detailed procedure for measure the I-V characteristic by the C-AFM technique and guarantee reliable results is proposed.
Materials and methods

Synthesis of the samples
As was detailed in a previous work [2] , an ultrasonic spray pyrolysis deposition system was used. Source solutions of 0.3032 molar concentrations of zinc acetylacetonate and 10% of aluminum acetylacetonate (Sigma Aldrich) dissolved in N, N-dimethylformamide (N,N-DMF) (Mallinckrodt) were prepared. A mist from the materials source solution is produced by means of an ultrasonic generator operated at 0.8 MHz. A high purity air at flow rate of approximately 10 l/min was used as the carrier gas in order to transport the mist to the surface of the substrate during five minutes. A molten tin bath was the substrate heater. Substrates of Corning 7059 glass which were carefully cleaned using a well-known cleaning procedure [23] were used. Simultaneously, substrates of stainless steel discs were used as well. The depositions were carried out at substrate temperatures of 500
• C. Five percent of aluminum was finally incorporated to the ZnO thin films.
Atomic Force Microscopy experimental configuration
The electrical characterization was performed using a JSPM-5200 microscope (JEOL). In order to guarantee a good electrical contact of the AZO sample, these were deposited on stainless steel substrates, as specified in Sec. 2.1. Then, metal-semiconductor unions or Schottky nano-contacts were formed with the P t − Ir conductive probe place on the surface of the semiconductor thin solid film as is shown in Fig. 1 . As was mentioned above, for the characterization of this nano-contact the conductive AFM method in contact mode [8] [9] [10] [11] [12] [13] [14] was used. The used tip was the SCM-PIT model (BRUKER) which has a nominal spring constant of k n = 2.8 N/m and has a metallic coating of Platinum-Iridium of 20 nm thickness. The average radio of the tip curvature is in the order of 20 nm as is shown in Fig. 2 . Now, using the method proposed by Sader [33] , we proceeded to estimate the value of the constant "k" of the beam, Eq. (1): The volume of the beam can be determined by means of Eq. (2):
Where w−width of the beam equal to 28 µm [34] ; l−length of beam equal to 225 µm [34] ; t− Beam thickness equal to 2.75 µm [34] .
The frequency of the "ω" beam was measured using the AFM, and the measurement was made under environmental conditions. The result of the measurement can be seen in Fig. 3 . From Fig. 3 , the value of ω = 418.746 kHz is observed. With the aforementioned data it is possible to estimate the value of k exp = 2.54 N/m, taking for this case that l/w = 225/28 = 8, and therefore, the value of M 0 can be taken for the estimation of k exp . As can be seen in this calculation, the spring constant of the beam is a value very close to the nominal value reported by the manufacturer, k exp ≈ k n , with a difference of 0.26, Bruker, Probes and Accessories, Pg. 111.2.3. 
Methodology of the conductive AFM
Before taking the electrical measurements of the AZO thin films, it was necessary to calibrate the conductive mode of the microscope since the I-V curve depends drastically on the microscope parameters such as magnitude of the applied tip force [11, 24] , time of scanning (clock), the control circuit gains (Pre Amp Gain and Line Current), type of ramp and voltage range, among others [25] . Many authors do not report the calibration of theirs measurements due to the difficulty of obtaining the optimal software parameters of the microscope. In this section, we establish a methodology for optimizing such parameters and set the best experimental conditions in order to chracterize the samples. We think that the most important parameter is the magnitude of the applied tip force. In order to adjust such parameter, a metallic copper slide was used and also knowing that its I-V characteristics satisfies the Ohm's law. In the same configuration of Fig. 1 , over the steel substrate a copper slide sample was placed. Then, the force curve (FC) was measured using the standard contact mode of the Microscope as is shown in Fig. 4a . After that, a linear fitting in the retraction region was performed (See Fig. 4b ) resulting a value of the slope curve equals to -0.01298 V/nm. According to the operation manual of the microscope [25] , with the reciproc of the absolute value of the slope the sensibility parameter was calculated, resulting in 77.0416 nm/V. Introducing in Eq. (3), the sensibility value (a), the elastic constant (k) and the reference voltage V 0 = −2 V, the applied tip force as a function of the voltage was obtained [25] . A value of the tip contact force equals to −249.820 nN, which was calculated for the Microscope Software at the minimum of the force curve in the approaching zone, guarantees a real physical contact and it was fixed for obtaining the I-V curves.
After the force was determined, the measurements of the I-V characteristics were performed adjusting the electric control parameters using the same copper slide. In Fig. 5 , it is shown the I-V curve in the range of -0.5 to 0.5 V (Fig. 5a ) and from -1 to 1 V (Fig. 5b) . These curves were measured under the following parameters conditions; Clock = 66.67 µs, F orce = −249.820 nN, P re − Amp Gain = 1.00 V/nA and Line Current = 1 K.
From Fig. 5 , it can be observed a linear behavoir characteristic of the Ohm's law for a metal such as copper. It can be mentioned that the behavoir of the I-V characteristics is quite sensitive to the scanning time (Clock), however if the if the Force, Gains and Line Current parameters are fixed the measurements are clearly reproducible as it is shown by the plots in Fig. 4 , for two different scanning times. Using the obtained Force and Line Current for the copper sample, and the P re − Amp Gain = 0.1 V/nA as suggested by the Microscope manual [25] for semiconductor materials, four I-V FIGURE 7. I-V characteristics for scanning times of 1 ms (a) and 2 ms (b). For 2 ms the total rectified Schottky condition is showed for the reverse bias voltage. The lines are the thermionic theoretical model [22, 24] . characteristics for monocristalline silicon slides in the range of -1 to 1 V were measured for different scanning times. The results are shown in Fig. 6 , for times in the interval of 66.67 µs to 2.0 ms.
It is observed that for short scanning times of the order of µs the behavoir of two of the plots do not correspond to the union metal-semiconductor (Schottky barrier). However, for times in the order of 1 ms the Schottky barrier behavoir starts and it is clearly observed as is shown in Fig. 7a . For larger times the total rectification takes place as shown in Fig. 7b . For fast measurements (times of µs), a real contact of the tip on the sample surface does not take place and the tunneling current should also be important as the thermionic current as was considered by Milosz Grodzicki et al. [12] and S. ZhengZheng et al. [26] . Therefore, the optimal conditions to obtain a good Schottky effect is to measure the I-V curves at scanning times higher than 2 ms.
Results and discussion
As shown in Fig. 8 , topography and linear current images of the surface of the AZO thin films were taken at a scan area of 4 × 4 µm and an applied voltage of -60.340 V. After that, I-V curves at different points on the AZO surface as marked in (4) and (5) which corresponds to the thermionic charge transport model [22, 24] .
With
Where −n is the ideality factor, I 0 − is the reverse bias current, e− is the electron charge, k B − is the Boltzmann's constant, A− is the area of the nano-contact, R * − the Richarson's constant and T − is the absolute temperature. In this case the area of the nano-contact depends on the curvature of the tip, which was in the order of 20 nm (See Fig. 2b ) and can be approximated to a circle of the same diameter with an approximated area equal to A = π × 10 −12 cm 2 . Moreover, the value of K B T /e was 0.023 eV, the theoretical Richardson's constant value for silicon material was R * = 112 A cm −2 K −2 [27] and for n-ZnO was R * = 32 A cm −2 K −2 [15] , T was considered as 300 K. Figure 9 shows two I-V curves for the x 1 , x 2 positions and their corresponding fittings. The thermionic theoretical model has an excellent fitting with respect to the experimental data as can also be observed from the same figure. The red circles plot is the experimental data and the black triangles are the fitting, the correlation coefficients for all curves were 0.9994. The results for five marked points in Fig. 7a are summarized in the Table I . From this table, it can be established that the Schottky barrier height Φ B at the nanoscale level depends principally on the area of the real contact between the tip and the surface roughness.
It is also important to mention that the n ideality factor was an adjustable parameter in the fitting which should be related with this real nano-contact. From Table I , it can be observed that the Schottky barrier height is in the range of 0.58 − 0.64 eV and the ideality factors n are in the range of 2.11 − 1.39, respectively.
Since the 1965 year, a value of 0.75 eV of the Pt-ZnO barrier height was reported by Mead [28] , obtained using internal photoemission yield spectroscopy. K. Ip et al. [15] , reported a value of 0.61±0.04 eV for the height of the Schottky barrier of traditional Pt contacts on ZnO thin films. These values were obtained at room temperature from current-voltage curve measurements with an ideality factor of 1.7. Y. W. Heo et al. [16] , reported a value of n factor equal to 1.1 for ZnO nanowires. Sang-Ho Kim et al. [18] , using capacitancevoltage curves reported ideality factors of 1.51, and 0.79 eV of the height Schottky barriers for Pt contacts on ZnO sulfide treated single crystals, and 0.89 to 0.93 eV for ZnO hydrogen peroxide solution treated [29] . Also Saraswatchi et al. [31] , report the union Pt-ZnO equal to 0.43 eV at a temperature of 300 K and an effective area of 2.8 × 10 −11 cm 2 . This area is similar to our work. In relation to contacts different to Pt, the Schottky barrier heights of 0.65 − 0.70 eV and ideality factors in the range of 1.6 − 1.8 for Au and Ag with contacts on ZnO were reported by A. Y. Polyakov et al. [17] , measured by means of capacitance-voltage curves. Also, H. Wenckstern, et al., [19] reported a mean barrier height of Pd Schottky and contacts on ZnO thin films as 1.16 ± 0.04 eV measured by means of temperature-dependent current-voltage and capacitancevoltage curves. On the other hand, Sangku et al. [32] , study on the electrical properties of Pt/CdSe nanojunctions using connected Au islands, reveals that a Schottky barrier is formed at the interface between Pt and CdSe, and found that the Schottky barrier height and the ideality factor of an individual nanojunction are 0.41 eV and 9.9, respectively. Our results differ with the reported in [17, 19, 32] , because this uses another type of union.
As was mentioned in the introduction, there are few works related to the measurement of Schottky barrier height on ZnO or AZO thin films by means of C-AFM. For instance, W. I. Park et al. [30] reported measurements for ZnO nanorods with Au coating contact tips by means of currentsensing Atomic Force Microscopy (CS-AFM). Recently, Periasamy and P. Chakrabarti [24] measured a ZnO nanoneedle array with Pd coating contact tips by means of CS-AFM resulting in 0.76 eV for the Schottky barrier height and 7.41 the value of the ideality factor. It can be noted the large value of the ideality factor, however it is in accordance with the values reported in this paper (see Table I ). During I-V measurements in Ref. 24 , a constant normal force of 15 nN was kept between the tip and ZnO nanoneedle array. In this work, an applied higher normal force in the order of 249.820 nN of absolute value, as was determined from the calibration of the microscope in the Sec. 2.3, is suggested. Moreover, it must be taken into account the scanning time of the order of 2 ms in order to obtain smaller reverse current as shown in Fig. 8 . These suggestions should improve the measurements of the Schottky height barrier and the ideality factor. Specifically for Pt nano-contacts, Shao ZhengZheng et al. [26] reported an ideality factor of 3.2 by means of C-AFM measurements that is in accordance with the values reported in this work (see Table I ).
Is important to make mention that in this experimental work, the effect of the relative humidity was not considered on the made electrical measurements and therefore on the height Schottky barrier estimate. However, this work proposes considering humidity as one more factor that affects the deviation of the ideal factor "n" and, consequently, in how the relative humidity affects the size of the Schottky barrier. Finally, to improve the results obtained, it is suggested to perform electrical measurements in vacuum and quantify the effect that environmental relative humidity exerts on the size of the Schottky barrier. In addition, develop a thermionic model different from the conventional one that considers the influence of environmental relative humidity on the size of the Schottky barrier.
Conclusions
Values of the height of the Schottky barrier on Aluminumdoped ZnO thin films were estimated using the conductive AFM technique. The estimated values were in the range of 0.58 − 0.64 eV as those reported in the literature. It was also showed that scanning times of 2 ms or longer must be used in order to achieve good measurements of the I-V characteristics when using the conductive AFM technique. It is also concluded that this AFM alternative electrical-electronic measurement methodology is promising for studies at the nanoscale level.
